Only individuals with no other disease were included in the study. Before being accepted, they were subjected to a clinical examination and a history of general diseases and drug administration was taken to ensure that there were no signs or symptoms of objective or subjective dysfunction of the masticatory system other than an altered motor function. The occlusion was stable, and there were no interferences in lateral or protrusive excursions of the mandible according to current definitions. The patients had been instructed to refrain from medication for 12 hours before the experiment.
Duplicate recordings of a masticatory sequence were made before and after medication with a single oral dose of levodopa (50-300 mg) combined with a decarboxylase inhibitor (madopar or sinemet). The second recording session was performed one hour after medication to obtain induced dopamine dependent recordings before (OFF state) and after levodopa medication (ON state). Oral motor function, expressed in terms of mandibular movement amplitude and velocity, was monitored with an optoelectronic method (Selspot AB, Partille, Sweden) which allowed for freedom of head movements. The threedimensional analysis system has been described in detail in previous reports.`7 During chewing of peanuts, with the subject seated in a dental chair, duplicate recordings of masticatory sequences from start to swallowing were performed. The first masticatory cycle in each sequence was omitted because it was incomplete in many cases. In total 529 cycles were analysed in the OFF state and 488 in the ON state.
For the purpose of analysis the masticatory cycle was defined as having three separate phases: mandibular opening (OP), mandibular closing (CP), and the occlusal level phase (OLP) . OLP was defined as any position in which the mandible would be located from maximum intercuspation to a level 0-5 mm inferior to that position. OLP is also the transition phase between CP and OP. A quantitative analysis was performed of the following variables: the total cycle duration (TCD) and subdivisions of it (OP, CP, and OLP); the mean and maximum velocity in the OP and CP phases; and the mean three-dimensional mandibular spatial displacement in the OP and CP phases.
Student's t test (two-tailed) was used to examine the significance of paired differences between the induced ON and OFF levodopa states in the separate recordings. Pearson's product moment correlation test was used and the inter-relations between the variables were established by linear regression analysis.
Results
Masticatory cycle duration-In the quantitative analyses the total duration of a masticatory cycle was significantly (p < 005) shorter after levodopa medication (table 1) . In addition, all phase durations decreased but only the change in the occlusal level phase (OLP) was significant. This change was significantly and positively correlated to performance before levodopa administration for both OLP (r = 0-66, p < 002) and CP (r = 0-62, p < 003). The analysis of the constituent phases in relation to total cycle duration (TCD) showed the CP to be significantly (p < 0-01) related in both the OFF and ON state.
Mandibular velocity-A significantly greater mean mandibular velocity was found for the OP (p < 0O01) and the CP (p < 0O001) in the ON state after levodopa (table 2) . A similar, significantly increased maximum velocity for both OP and CP was recorded. Two of the patients did not increase their mandibular velocity after a single dose of levodopa. In addition, a clear positive correlation was found between before and after medication (OP; r= 0-91, p < 0-0001 and CP; r = 078, p < 00003).
Magnitude of mandibular displacement -The traversed three-dimensional spatial distance in vertical opening (p < 0-01) and closing was significantly (p < 0-001) increased at the second recording session after levodopa medication. This increase after medication was positively correlated for both the opening (r = 070, p < 0011) and the closing (r = 0-63, p < 002) distances. No changes had occurred concerning the lateral component of the masticatory movements (Table 3 ). In patients with advanced disease the degree of ON-OFF fluctuations may vary strongly from time to time. In our patients, however, all improved, and only one preserved the same displacement as before medication.
Inter-relation between variables-A rhythmical masticatory pattern is characterised by cycle duration, mandibular velocity, and displacement. The cycle frequency is dependent on the inter-relation between displacement and velocity. A close linear relation was found when the maximum opening velocity was plotted against vertical displacement for both the induced OFF and ON levodopa state (figure 1). The duration of the OP was independent and statistically unrelated to the amplitude of this movement (figure 2). Because of the mutual increase in velocity and displacement the duration of the OP remained unchanged. In the analysis of velocity and its relation to amplitude, maximum opening velocity was closely (r = 091) and significantly (p < 0O01) correlated to the vertical mandibular amplitude. Such a correlation was not detected for the closing velocity. The movement pattern was more irregular in the OFF state but stabilised after levodopa treatment (figure 3).
Discussion
There are several hypotheses concerning motor control of human mastication, resulting from animal work. Some of these suggest a hierarchical organisation of neural networks containing specific programmes for automatised but voluntarily controlled functions such as chewing, breathing and swallowing, which require differentiated energy and coordinative motor output. Masticatory movements are generated in a bilaterally symmetric system, conditioned by preprogramming and reprogramming of neural networks after sensory information and updating through feedback loops. A central pattern generator (CPG) in the brainstem produces the basic output responsible for the masticatory rhythm by short latency polysynaptic pathways to jaw opening and closing motor neurons.8'-5 This rhythmical output may provide an infrastructure on which modifications are superimposed and coordinated with functional requirements. The importance of dopaminergic neurons is unclear, but animal experiments have indicated that the CPG may be activated by dopamine but is not dependent on it for the generation of the basic pattern.16
Mastication, like walking, starts consciously and is continued in a cyclic repetitive pattern automatically performed until voluntarily turned off or when some kind of perturbation occurs. There is also evidence for similarities in the way rhythmical masticatory movements and gait are generated and temporo-spatially controlled.'7 In Parkinson's disease the gait pattern is often changed in the OFF situation and may be normalised by treatment with levodopa. 8 This basal ganglia disorder may disturb the highly coordinated complex trigeminal neuromotor control of jaw movements in a similar way.
Many of the motor disturbances in this disease are caused by a general defect in the motor programme coordination system disrupting the normally smooth and simultaneous movments.2 '9 Benecke et al found more improvement in the movement times of complex movements than in simple ones after levodopa treatment.20 There is also evidence for disturbed perioral reflexes in Parkinsonism, which suggests that basal ganglia pathways have a regulatory function and an impact on the sensorimotor control of oral motor function.2"
In our study we recorded the rhythmical masticatory motor performance of patients after taking levodopa (ON) and 12 hours after withdrawal (OFF) of normal medication to study the dopaminergic influence on the masticatory events and to observe similarities between the motor changes in chewing, gait, and limb movements. After treatment, the total cycle duration decreased (p < 005), but this was caused mainly by the duration or onset of the occlusal level phase (OLP) which significantly (p < 005) decreased after levodopa. The prolongation of OLP could be the effect of persisting masseter muscle activity or a delay in the onset of digastric (jaw opening) activation or both. As the mandibular closing phase (CP) time remained unchanged the latter is more likely. A salient feature was, however, that the other two phases, mandibular opening phase (OP) and CP, remained constant irrespective of the increased mandibular opening amplitude and velocity. When the slopes of the regression lines for opening time, distance, and velocity were compared, only the two latter variables proved to be significantly correlated while OP time was unrelated.
Thus dopamine does not seem to influence the fundamental frequency drive of the masticatory movements. This might be because the CPG is discharging at a predetermined inherited or learned rhythm. An increased dopamine transmission, however, will probably improve the coordinative functions. As a result, the transition between the closing and opening phase will be facilitated and the duration of OLP reduced.22 In a previous report23 orofacial sensorimotor function in Parkinsonism was investigated and a deficit in the ability to utilise specific sensory inputs to guide and coordinate movements was found. The nigroneostriatal dopamine pathways seem consequently to be vital links in the control of oral motor behaviour.
In patients in the OFF state of advanced Parkinson's disease there is often difficulty in initiating movement. In our patients there was no problem in starting chewing on command, even though some of them exhibited clear difficulties in initiating walking. One patient had to count out loud to pace herself when initiating gait, and three patients had obvious problems in changing direction or passing through narrow passages when walking. Mastication was affected less than we expected in relation to the gait disorder. Although dependent on dopamine transmission, chewing and gait seem to depend on different coordinative mechanisms, one difference being the afferent stimulus evoked from a bolus of food in the mouth. Elicited feedback from oral mechanoreceptors will perhaps initiate and drive neural networks and motor programmes. Support for such differences comes from animal work. Lesions affecting the nigrostriatal pathways resulted in an increased perioral sensitivity and "abnormal biting reflexes" implying a role for the basal ganglia in oral sensorimotor regulation.24 25 An impaired movement amplitude was recorded when the patients were OFF levodopa. Hence, the dopaminergic and nigrostriatal regulatory mechanism seems to be the same for jaw and limb movements and gait.2320 Bradykinesia was similarly affected and improved in the ON state. A decreased amplitude may be a part of a compensatory response and changed motor strategy to retain an optimised CPG rhythm.
In summary, the induced change in the dopamine transmission in patients with Parkinson's disease had an impact on modulation of coordinative CPG output and thereby affected the timing and energising trigeminal output to the jaw muscles. The basic features of the rhythmical masticatory pattern produced by neural networks in the brainstem was unchanged, however, and the CPG drive found to be independent of dopamine. These findings agree with results of animal experimental studies. 6 The final processes responsible for modification of the CPG output generating the masticatory pattern and of related disturbances remain to be identified. 
